[1] The seasonal climatology of the O( 1 S) and OH nighttime airglow in the mesosphere and lower thermosphere (MLT) for the mid-to-high latitude region is explored in the context of the large-scale general circulation. Multiple years of the Wind Imaging Interferometer (WINDII) satellite data from November 1991 to August 1997 are monthly averaged to depict the global patterns of the seasonal variations of the airglow volume emission rates for various altitudes and local times. These observations are compared with the simulations of the Thermosphere-Ionosphere-Mesosphere Electrodynamics General Circulation Model (TIME-GCM). Both the WINDII and the TIME-GCM results display the semi-annual and annual variations of the O( 1 S) and OH airglow emission rates for specific altitudes and local times. The TIME-GCM reproduces most of the emission variation signatures observed by WINDII, but provides additional information on vertical advection and downward mixing of atomic oxygen. The study indicates that vertical advection associated with the tides and the large-scale circulation plays a major role in the airglow seasonal variations. The annual influence of the large-scale circulation appears more clearly in the mesosphere than in the lower thermosphere, while the semi-annual variation occurs only in the lower thermosphere.
Introduction
[2] The nighttime O( 1 S) and OH airglow emissions in the mesosphere and lower thermosphere (MLT) originate from the recombination of atomic oxygen [e.g., reviews by McDade and Llewellyn, 1986; McDade et al., 1987; Meriwether, 1989] . Atomic oxygen is produced through the photo-dissociation of molecular oxygen in the thermosphere, and its global distribution in the MLT region is mainly controlled by dynamical transport processes [e.g., Garcia and Solomon, 1985; Brasseur and Solomon, 1986] . The two emissions provide valuable information on dynamical variations of atomic oxygen concentration at two different altitude levels [e.g., Takahashi et al., 1995; Shepherd et al., 1995 Shepherd et al., , 2005 Taylor et al., 1995; McLandress et al., 1996; Yee et al., 1997; Scheer et al., 2005] .
[3] From temperature measurements it is well known that the mean general circulation in the mesosphere includes an upward motion in summer and a downwelling during winter for high latitudes [e.g., Andrews et al., 1987] . The largescale circulation is also expected to bring atomic oxygen poor air from below and atomic oxygen rich air from above, causing a decrease of the atomic oxygen airglow emission rate in summer and an enhancement of the emission rate during winter. Therefore, an annual variation of the O( 1 S) and OH nightglow emission rate for mid-to-high latitudes is expected. However, as shown by the results reported here, the situation is more complex than that.
[4] The variation of the O( 1 S) airglow emission rate was first recognized by Rayleigh in 1928 [Rayleigh, 1928] and this was followed by decades of ground-based observations. An extensive review of long-term observation data from various ground stations shows that the seasonal variations of the O( 1 S) nightglow are globally dependent, having different patterns at different latitudes [Deutsch and Hernandez, 2003] . The emission exhibits a distinct semi-annual behavior for the equator and tropics with emission rate maxima at equinoxes and minima during solstices [e.g., Fukuyama, 1977; Takahashi et al., 1995] . In the mid-to-high latitude region away from the equator, both semi-annual and annual oscillations have been identified [e.g., Fukuyama, 1977] . Moreover, it has been found that the amplitude of the annual component increases with increasing latitude while the semi-annual variation amplitude decreases with increasing latitude [Deutsch and Hernandez, 2003] . The seasonal variation is also evident in space-borne observations. OGO satellite data have shown a strong semi-annual pattern in the O( 1 S) emission rate, with the largest values in April and October [Donahue et al., 1973] . A recent study by Shepherd et al. [2006] has also identified a distinct semiannual oscillation as well as a quasi-biennial oscillation in the zonal monthly mean airglow profiles from the WINDII observations for low latitudes. Analysis of the ISIS-II satellite data has indicated a semi-annual variation in the O( 1 S) emission for the midlatitude region [Cogger et al., 1981] .
[5] Ground-station observations are limited to specific geophysical locations, but the observations are nearly continuous in time for a given day. Satellites can obtain a global picture of the emission variations, but their measurements on a single day for a given latitude normally cover a segment of local time of only a few minutes. Furthermore, ground-based instruments measure the airglow integrated emission rates from the whole emission layer. Limb-viewing satellite instruments such as WINDII have the advantage of observing the vertical profiles of the airglow volume emission rates. The airglow variations for various altitude levels in different latitude regions over the whole globe are easily discerned from the satellite data. To interpret and understand the observations, numerical model simulations are required. Global general circulation models that incorporate photochemistry and dynamics for the production of the oxygen airglow emissions are essential to study the large-scale variability.
[6] Some previous model studies have proposed that the semi-annual variation of atomic oxygen and oxygen airglow is due to seasonal changes in eddy diffusion (i.e., turbulent mixing) caused by gravity wave dissipation [e.g., Garcia and Solomon, 1985] . However, those authors assumed that higher eddy diffusivity produces reduced airglow emission (by downward mixing out of the airglow region) which is opposite to what is currently believed. Recently, vertical advection (i.e., vertical motion) associated with the tides has been shown to be the primary mechanism for the diurnal variation of the O( 1 S) airglow at the equator [e.g., Angelats i Coll and Forbes, 1998; Ward, 1999] . More recent analysis of the NCAR (National Center for Atmospheric Research) TIME-GCM (Thermosphere Ionosphere Mesosphere Electrodynamics General Circulation Model) simulations has suggested that for mid-and high latitudes the vertical advection of the mean circulation dominates the transport of atomic oxygen, and that diffusive and meridional transport have a secondary effect [Liu and Roble, 2004] . The question as to whether vertical advection or eddy diffusion have more effect on the transport of atomic oxygen may be assessed from the variations of the oxygen airglow emission rates by employing numerical model simulations.
[7] These studies are reinforced by a recent comparison of the SABER/TIMED satellite observations with a threedimensional chemical dynamical model, showing that the diurnal tide has a large effect on the low-latitudinal OH emission variation [Marsh et al., 2006] . The study also shows that the annual cycle of the emission at higher latitudes is mainly caused by the reversing mean circulation. A preliminary presentation of the seasonal variations of the O( 1 S) and OH emissions has been made based on the WINDII observations [Shepherd et al., 2005 [Shepherd et al., , 2006 . Shepherd et al. [2006] present the variations for the latitudes within ±15°. The mid-to-high latitude variations have been presented by Shepherd et al. [2005] , and the authors compare the WINDII observations with the TIME-GCM model results in a search for the large-scale signatures. However, the model results utilized in that study cover only a one-year period and they do not match the actual WINDII operation dates. The TIME-GCM has been continuously improved, and the most recent model results, corresponding to the WINDII observation periods, are employed in this work.
[8] This study compares the global WINDII observations and the most recent TIME-GCM model simulations in order to explore the seasonal climatology of the O( 1 S) and OH nightglow emission rates in the mid-to-high latitude region. The study separates the emission variations according to variables of local time and altitude, and depicts a global picture of the seasonal emission variations. The purpose of the study is to distinguish between the different dynamical influences that are responsible for the airglow variations. The major influences considered are the tides and the largescale mesospheric general circulation; their influences on the emission variations are presented. An additional goal of the study is to understand the underlying mechanism, specifically to what extent vertical advection and eddy diffusion are responsible.
WINDII Data and the TIME-GCM Model
[9] The WINDII instrument and its data processing are extensively described by Shepherd et al. [1993] . Airglow emissions from excited atomic oxygen, molecular oxygen, and hydroxyl radicals peaking in the MLT region were regularly observed by WINDII over altitudes of 80-300 km. The nighttime O( 1 S) and OH (8-3) band P 1 (3) line emissions were each observed in a normal schedule of 2 d per week. The number of airglow profiles available for one emission for one night is about 500. WINDII measured each volume emission rate profile in approximately one minute corresponding to 400 km distance along the satellite orbit. Because of the 57°inclination angle of the orbit and the WINDII pointing direction, the latitudes from 42°in one hemisphere to 72°in the other were alternatively observed for every 36 d during each yaw period, and the range of 42°S-42°N was continuously observed. The orbit precessed westward at about 5°per day, and the local time covered throughout a single day for a given latitude and orbit node is about 20 min. Because it takes about 36 d for WINDII to cover 24 h of local time for a given latitude, the sampling of the diurnal variation of the emission is obtained by combining about one month of the data.
[10] In this study, the WINDII data collected from November 1991 to August 1997 are utilized. There are observation interruptions for WINDII due to power-off or in-flight calibration measurements, causing gaps within the data set. The numbers of days of observations used for the O( 1 S) and OH nighttime emissions for each month during almost 6 years are summarized in Table 1 . Altogether there are more than 300,000 WINDII profiles for the O( 1 S) emission and 150,000 for the OH.
[11] To study the seasonal variations, the WINDII level 2 volume emission rate profiles of the nighttime O( 1 S) and OH emissions through 1991-1997 are grouped by month. That is, the observations available for one emission in a given month from all years considered are combined. For each month, the volume emission rates of one airglow emission at a specific altitude range are further averaged within a bin of 5°in latitude and 2 h in local time. The data at the same latitude and local time but different longitudes are zonally averaged. This averaging process largely eliminates the longitudinal variation of the emission rate. Each month of observations covers the whole range of local time, and the monthly averaged results represent the climatological signature of the airglow emission.
[12] The TIME-GCM model developed in NCAR is a three-dimensional model for simulating the global circulation, temperature and compositional structure between 30 and 500 km of the atmosphere [Roble et al., 1987; Roble and Ridley, 1994; Roble, 2000] . It is self-consistent, driven by a time-dependent scheme of coupled thermosphere and ionosphere dynamics and electrodynamics. The physical and chemical processes appropriate for the mesosphere and upper stratosphere are incorporated into the model. The TIME-GCM also incorporates the processes of atomic oxygen production, its transport and loss, so that the model can simulate the emission rate variations of the oxygen airglow in the MLT region.
[13] For the present study, the most recent TIME-GCM simulations are utilized which include the inputs of daily F10.7 cm solar flux variations and 3 h Kp variations along with daily NCEP global values. The model is set for a horizontal resolution of 5°Â 5°latitude/longitude, and a vertical resolution of 2 grid points per scale height, which for the altitude range of 80-100 km is of the order of 5 km. Diurnal and semidiurnal tides from the Global Scale Wave Model (GSWM) [Hagan, 1996] are specified at the lower boundary. The gravity wave effects in the TIME-GCM are parameterized according to the linear saturation theory proposed by Lindzen [1981] . The model results for the same days as for the WINDII observations during the years of 1992 -1996 are monthly averaged for the purpose of comparison. The dates corresponding to the WINDII data gaps are excluded from the model results. The volume emission rates of the O( 1 S) and OH (8-3) band emissions from the TIME-GCM are averaged as are the WINDII data for each individual month throughout all years considered. The model provides results up to 90°latitude, which covers a broader range than WINDII. It should also be noted that the model computes the whole band emission rate of the OH (8-3) emission while the single line emission of P 1 (3) from WINDII is employed in the data presentation. The amplitude of the emission variations is different for the two but it is the variation patterns that are the focus of the study.
[14] Subsequently, the monthly averaged emission rates from the WINDII observations and the TIME-GCM model simulations for the O( 1 S) and OH nightglow are displayed for various latitudes, local times and altitudes. The similarities and differences of the emission variations between WINDII and the model are discussed. Diagnostic post- 
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Results

Semi-Annual and Annual Variations of the O( 1 S) Emission Rate
[15] Figure 1a shows the O( 1 S) volume emission rates within ±40°latitudes observed by WINDII for 96 km altitude and 2 h local time represented as a function of month of the year and latitude. For the presentation, some month/latitude bins where the observations are not available have been filled in by interpolating the neighboring values. The figure includes four intense emission rate maxima at 20°-40°latitudes in both hemispheres. They occur from mid-April to June and September/October for the northern hemisphere, and in March/April and November/December for the southern hemisphere. A deep emission rate minimum is observed from the end of December to January in the northern hemisphere, and around July/August in the southern hemisphere. The strength of the emission peaks for the two hemispheres is not the same as the maximum emission rate in the northern hemisphere is about 10% larger than in the southern hemisphere. In both hemispheres, the strongest emission rate maximum is in April/May, which is northern hemisphere spring, but southern hemisphere autumn. Considering the two hemispheres, it appears that the emission is strong in local spring but delayed by about two months with respect to the spring equinox, weakens through the summer, recovers in the fall season, and is largely dissipated in winter.
[16] At 88 km altitude and 4 h local time (lower by 8 km and later by 2 h), the WINDII O( 1 S) emission rates shown in Figure 1b have a strong maximum near 40°latitude in both hemispheres. The emission peaks during the local fall season of the northern hemisphere (September/October/ November), then weakens a little during the winter season (December/January/February), and decreases to a minimum during spring and summer, from March to August. The same behavior is also evident in the southern hemisphere, with an emission rate maximum in local fall and winter, and a relative minimum in spring and summer. One difference between the two hemispheres is that the emission rate maximum in the southern hemisphere is more extensive than the one in the northern hemisphere, having a longer duration. The southern hemisphere emission minimum occupies a narrower latitude range and has a shorter duration than the northern hemisphere minimum. Another common signature observed in both hemispheres is that there is a secondary emission rate maximum close to 20°l atitude. This minor emission peak is constrained to late spring: April/May in the northern hemisphere and October/ November in the southern hemisphere, preceding the local summer. In effect, the autumn maxima seen in Figure 1a at 96 km for the two hemispheres have become stronger and have moved toward winter at the lower altitude (88 km, Figure 1b ), while the spring maxima have weakened and also moved toward winter. At 88 km, it is mainly the movement of the emission maximum toward winter that changes the pattern to an annual variation over the latitude range roughly 30°to 40°.
[17] The seasonal variation of the O( 1 S) emission is altitude-dependent and also changes with local time. This is further shown in Figure 2 , giving the seasonal variations of the O( 1 S) emission rates observed by WINDII for a set of chosen local times and altitudes. At a given altitude and local time for each panel, the volume emission rates are presented versus latitude and month of the year. The panels in each row are arranged at successive local times of 20, 22, 24, 02, and 04 h from the left to the right, while the panels in each column are at decreasing altitudes of 104, 100, 96, 92, 88, and 84 km from the top to the bottom, respectively.
[18] The peak of the O( 1 S) volume emission rate is observed at about 96 km. For altitudes from 92 to 104 km, the O( 1 S) emission mainly portrays a semi-annual variation with four emission rate maxima (two in each hemisphere) at midlatitudes between ±20°and ±40°similar to Figure 1a . These semi-annual emission peaks vary with local time, approaching maximum emission rates at midnight or at 02 h and being relatively weak at dusk. At the lower selected altitudes of 88 and 84 km, the emission rates over midlatitudes exhibit an annual variation with a maximum in autumn and winter as shown in Figure 1b . This annual variation also has a local time dependence, yielding large amplitudes at midnight and in the early morning hours but is weaker in the evening. At the lowest altitude and in the early evening hours the equatorial semi-annual variation becomes dominant. While the emission variation at midlatitudes for higher altitudes (92 -104 km) is also semi-annual, the maxima do not appear exactly at equinoxes, as they do for the equatorial semi-annual variation.
[19] In contrast, Figure 3 shows the O( 1 S) emission rates from the TIME-GCM for the set of chosen altitudes of 84-104 km and local times of 20-04 h with the latitudes extending to 90°. The model emission patterns for the same altitude but different local times are almost the same, although the emission rates are somewhat larger in the early morning than in the evening. [20] At the lowest altitude of 84 km, the model includes an emission rate maximum at latitudes higher than 40°in both hemispheres. The maximum occurs in November/ December and extends into January in the northern hemisphere, while another maximum appears in June/July/ August in the southern hemisphere. The maximum occurs at the local winter of both hemispheres, and creates a pronounced annual variation for the mid-and high latitude range. At altitudes from 88 to 100 km, the annual variation indicates a superimposed secondary emission maximum. The maximum occurs from May to August in the northern hemisphere and around November/December and January/ February in the southern hemisphere, occurring at the local summer of both hemispheres. These summer maxima are slightly weaker than the winter maxima for the altitudes of 88 and 100 km, almost disappear at 104 km, but get stronger at the peak altitude of the emission around 96 km. On the whole, compared with the WINDII observations shown in Figure 2 , the model results for mid-to-high latitudes are quite similar to the low altitude emission observations but are delayed by a few months. The semiannual variation for the higher altitudes in the WINDII data is not seen by the TIME-GCM. The equatorial semiannual variation is seen by the model at lower altitudes (84 -92 km) early in the night (20 and 22 h), but this variation appears suppressed in the figure because the color scale was chosen to display the high-latitude signature.
Annual Variation and Summer Maximum of the OH Emission Rate
[21] Figure 4a shows the WINDII observed emission rates at 80 km altitude and 4 h local time for the OH (8-3) band P 1 (3) line emission represented as a function of month of the year and latitude. An annual variation is evident at this altitude and local time showing a winter emission rate maximum near 40°latitude in each of the two hemispheres. The winter emission peak occurs over the months of November to February in the northern hemisphere, and April to August in the southern hemisphere. It is stronger in the southern hemisphere than in the northern hemisphere by about 50%. In addition, a secondary emission peak appears for limited latitudes around 30°in the northern hemisphere during June/July in the local midsummer, but is absent in the southern hemisphere. Another distinct signature is that the equatorial semi-annual variation stands out. This semiannual variation at the equator has a larger maximum in March/April than in September/October.
[22] The extratropical summer maximum extends to 40°l atitudes in each hemisphere and is much stronger at the higher altitude and earlier local time as shown in Figure 4b , which displays the OH emission rates from the WINDII observations for 88 km altitude and 22 h local time. For this altitude and local time, the emission rates reveal a peak for June/July in the northern hemisphere and for December/ January in the southern hemisphere, occurring in the local midsummer of both hemispheres. The variation pattern in Figure 4b in the midlatitude region is almost the reverse of Figure 4a , showing an annual variation with the maximum occurring in summer rather than in winter. The equatorial semi-annual variation in Figure 4b is very clear, but the two maxima have the same emission rate, unlike Figure 4a .
[23] Figure 5 displays the collection of seasonal variations of the WINDII observed volume emission rates for the OH (8-3) Meinel band P 1 (3) line emission at the selected altitudes and local times from 100 km to 80 km (top to bottom panels) and from 20 h to 04 h (left to right panels). The emission rates at midlatitudes exhibit a variation pattern depending on altitude as well as on local time. The height of the OH emission peak is at 88 km, and the emission rate decreases above or below this height. For the altitudes of 80 and 84 km an annual variation as seen in Figure 4a is observed having a strong emission maximum in winter near 40°latitudes in both hemispheres. This annual variation is strongest in the early morning hours but almost disappears for the early night at 20 h and 22 h local time. On the contrary, the equatorial semi-annual variation with emission rate maxima at equinoxes is much weaker in the early morning. A summer emission maximum as seen in Figure 4b is evident around ±40°latitudes in each of the two hemispheres at the altitudes of 88 and 92 km. The summer peak is also observed at 84 km in the northern hemisphere, but disappears in the southern hemisphere. At 88 km and higher altitudes the emission includes four regions of large emission rates at ±40°latitudes, creating a semi-annual variation in each of the two hemispheres. These emission rates also change with local time, being strongest in the early morning hours but largely dissipated in the evening.
[24] In comparison, Figure 6 displays the TIME-GCM model results of the seasonal variations of the OH (8-3) band emission for the sequence of altitudes from 100 to 80 km (top to bottom panels) and local times from 20 to 04 h (left to right panels). The model emission rate patterns are near symmetric on a seasonal basis between the two hemispheres for each altitude and local time. At the altitudes of 80 and 84 km, the TIME-GCM emission shows a prominent annual variation with a strong emission rate maximum in winter and a deep minimum in summer between 40°and 90°latitudes for both hemispheres. This variation in the model persists throughout the whole night, being relatively stronger in the evening than in the early morning, while the annual pattern in WINDII is observed only at midnight and in the morning hours. At 88 km and 92 km, the TIME-GCM simulates a remarkable emission maximum for local summer around ±40°latitude in each of the two hemispheres, which is also observed by WINDII. The summertime midlatitude maximum extends to 84 km where the signature is less recognizable. At the altitudes of 92, 96, and 100 km around ±60°latitudes, the TIME-GCM results include four relatively intense emission rate maxima close to equinoxes for both hemispheres, corresponding to a semi-annual variation that is not so strong in the WINDII data. The model emission varies with local time, being strongest in the evening specifically at 96 and 100 km altitudes. The equatorial semi-annual variation is very strong in the model for the lower altitudes of 80-88 km, reaching its maximum amplitude around midnight or in the early morning.
Discussion
[25] The major signatures of the seasonal variations of the O( 1 S) and OH nightglow emission rates at mid-to-high latitudes from WINDII and the TIME-GCM are outlined in Table 2 . Both WINDII and the model show that the presence of the annual and semi-annual emission variations in the mid-to-high latitude region strongly depends on the altitude level and local time. Below 88 km, both the O( 1 S) and OH emissions have mainly an annual variation with an emission rate maximum in the fall or winter season. Above this height, a semi-annual pattern with emission rate maxima close to equinoxes is the prominent feature in the WINDII data for the O( 1 S) emission and in the TIME-GCM simulations for the OH emission. In addition, both WINDII and the model include a superimposed summer peak for the OH emission at 88 km altitude. The emission variation patterns from WINDII and the TIME-GCM are quite similar, but there are still distinct differences.
[26] The annual variation in the mid-to-high latitude region with an emission rate minimum in summer and a maximum in winter is evident in the TIME-GCM model results for the O( 1 S) and OH emissions below 88 km throughout the whole night. The WINDII data also show the annual variation for these emissions at these heights but these have the largest amplitudes in the early morning. The annual variation in the model for the O( 1 S) emission extends to higher altitudes, where it is not observed by WINDII. The mid-to-high latitude semi-annual variation is seen by the TIME-GCM and WINDII, but the TIME-GCM sees it only in the OH emission while WINDII observes it mostly for the O( 1 S) emission. WINDII strongly observes the semi-annual variation around midnight and in the early morning hours, while the TIME-GCM sees the strongest variation in the evening hours. Thus the same patterns are seen in the emission rate variations by both WINDII and the TIME-GCM, but their altitude and local time regimes do not exactly correspond. The OH variations from the model correspond best to the WINDII O( 1 S) variations, and the model variations appear a few hours earlier than for the observations.
[27] Figure 7 is intended to demonstrate the transition of the annual to the semi-annual variation with increasing altitude for both emissions and both WINDII and the TIME-GCM. It gives the O( 1 S) and OH emission rates at 40°N latitude for selected altitudes and local times. The panels in the left column are for the WINDII O( 1 S) emission at 4 h local time and 84 -104 km altitudes; these in the right column are for the TIME-GCM OH emission at 20 h local time and 80-100 km altitudes. The WINDII observations and the TIME-GCM values are shown by solid circles and the superimposed curves are the harmonic fits to these data. For the summer months, some of the WINDII data are missing because of summer sunlight, but the large R 2 (based on the ratio between the sum of squares of residuals of the fit and the total sum of squares of deviations about the mean of the data) suggests that the fits are valid. The emission has an annual pattern at the low altitudes, and changes to a semi-annual pattern at higher altitudes. It is noteworthy that this effect occurs for both WINDII and the model and for both emissions, although the best agreement is for WINDII O( 1 S) and TIME-GCM OH. For some reason the semiannual variation at high altitude is somehow suppressed in the model for O( 1 S) and does not appear in the observations for OH. The reasons for this are not understood.
[28] This conclusion is supported by the apparent semiannual variation in the O( 1 S) emission as observed by the OGO-6 [Donahue et al., 1973] and ISIS-II [Cogger et al., 1981] satellite instruments. As for WINDII, the maxima of emission rates were not exactly located at the equinoxes. The earlier satellite observations correspond most closely to the higher-altitude WINDII observations. The semi-annual variation with one emission rate maximum in April and another one in October has been observed at El Leoncito at 32°S latitude for the O 2 airglow [Scheer et al., 2005] . The annual variation becomes dominant at high latitudes for the ground-based observations [e.g., Deutsch and Hernandez, 2003] , having an emission rate minimum in spring and a maximum in autumn. The SABER observations have shown a distinct annual variation in the OH emission at 89 km for high latitudes [Marsh et al., 2006] . These observations agree better with what is seen here for the low altitude variation in the WINDII observations and the TIME-GCM simulations. The midsummer peak identified here has been observed at some of the stations presented in the study of Deutsch and Hernandez [2003] : namely Channing (46.1°N), Rattlesnake Mountain (46.4°N), Fritz Peak (39.9°N), and Kiso (35.8°N).
[29] The mechanism for the semi-annual and annual emission variation at mid-to-high latitudes has yet to be discussed. In the context of dynamics, tides and the largescale general circulation have the major influences. Vertical motions and eddy diffusion both operate to transport atomic oxygen from the region where it is created to the lower altitudes, where the density levels are high enough to generate airglow.
[30] As noted earlier, it has been established that the diurnal tide at the equator is responsible for the dramatic airglow emission rate variations there [e.g., Takahashi et al., 1995; Shepherd et al., 1995; Burrage et al., 1995; Roble and Shepherd, 1997; Angelats i Coll and Forbes, 1998; Ward, 1999; Marsh et al., 2006] . The diurnal tide enhances the O( 1 S) emission at the equator in the early evening but the emission enhancement splits and moves away from the equator, reaching 40°latitude in the early morning [e.g., Shepherd et al., 1998; Zhang et al., 2001] . This can also be seen in Figure 2 , in the panels for 92 km altitude. Since the diurnal tide has a semi-annual behavior this variation is then imparted to the midlatitude airglow. This happens only at higher altitudes, in the region where the diurnal tide dissipates. The mid-to-high latitudinal semi-annual variation is not seen at lower altitudes for the O( 1 S) emission and not at all for the OH emission.
[31] The tidal influence on the variations of the oxygen airglow emissions and the relative importance of vertical advection and eddy diffusion on the transport of atomic S) emission and simulated by the TIME-GCM for the OH emission at the given local times and altitudes. The superimposed curves are the harmonic fits to the data including the semi-annual and annual components. The number at the right corner on each plot gives R 2 of the fit.
oxygen are now assessed in more detail. The general similarity between the WINDII observations and the TIME-GCM simulations shows that the model can be used for diagnostic purposes. The upward/downward fluxes of atomic oxygen, the numbers of oxygen atoms flowing through a unit horizontal area during a unit time (in units of m À2 s
À1
), due to the two processes of vertical advection and eddy diffusion are calculated from the TIME-GCM model results. For vertical advection, the fluxes (f) are obtained from the vertical wind velocities (w) and the atomic oxygen number densities (N O ), i.e., f = w Â N o . For eddy diffusion, the flux of atomic oxygen is equal to:
, where K is the eddy diffusion coefficient, Z denotes the vertical coordinate, N is the number density of the atmosphere, and N O /N is the atomic oxygen mixing ratio. Figures 8 and 9 show the calculated atomic oxygen fluxes corresponding to vertical advection and eddy diffusion, respectively. As shown in Figure 9 , eddy diffusion for the altitudes of 80-100 km is always downward for almost all local times and the amplitude of the atomic oxygen flux is rather consistent throughout a day. The flux from vertical advection in Figure 8 is a factor-of-ten larger at certain local times and changes its direction during the course of the day. The variation of the flux has a diurnal pattern at the equator, reflecting the dominant influence of the diurnal tide there. At midlatitudes the pattern is clearly semidiurnal and the large flux values, larger than at the equator, suggest that here there is also a tidal influence on the airglow. Averaged over the diurnal cycle the net flux is still substantial for the eddy diffusion component, so it is concluded that eddy diffusion contributes to the background airglow while vertical advection due to the tides explains the local time variation in the atomic oxygen transport and the oxygen airglow emission rate. This appears to hold at midlatitudes and at the equator.
[32] The winter emission rate maximum and summer minimum at mid-to-high latitudes, in both emissions, which are present in the WINDII data and the TIME-GCM model, are almost certainly the result of the mesospheric general circulation. This is further shown in Figure 10 , which gives the daily averaged atomic oxygen fluxes through vertical advection and eddy diffusion based on the TIME-GCM model results for high northern latitudes. The figure shows that at the altitude levels of 80-95 km the transport of atomic oxygen is downward for both winter and summer, but the total atomic oxygen flux is about twice as large in winter as in summer. The downward transport brings atomic oxygen from its origin to the levels where the oxygen airglow emission occurs, but the transport in winter is much stronger and brings down more atomic oxygen producing a larger emission rate of the airglow. Consistent with the influence of the general circulation the transport associated with vertical advection dominates in winter, but during summer eddy diffusion makes the major contribution to the transport.
[33] From the results shown earlier the annual emission variation is observed only at lower altitudes, which indicates that the influence of the large-scale general circulation on the emission variation is stronger in the mesosphere than in the lower thermosphere. This is consistent with lidar observations by Pan et al. [2002] showing the lower thermosphere to be colder than predicted by the numerical model, which had incorporated strong meridional circulation.
[34] Both WINDII and the TIME-GCM see a secondary summer peak for the OH emission at 88 km altitude. The summer emission peak has been reported from the groundbased observations in previous studies (see Shiokawa and Kiyama [2000] , Espy and Stegman [2002] , and earlier references), but its mechanism has not been identified. As is also shown in Figure 10 , the atomic oxygen flux for summer at 88 km from eddy diffusion is about 2 times larger than that from vertical advection. This suggests that enhanced eddy diffusion could be responsible for the summertime OH emission maximum. The amplitude of the semidiurnal tide also has a maximum in summer at midlatitudes [Zhang et al., 2007] so it might also be responsible.
Summary and Conclusions
[35] This study depicts the seasonal variations of the O( 1 S) and OH airglow emissions at mid-to high latitudes for various altitudes and local times from the WINDII observations. To interpret the observed emission variation signatures, the WINDII data are intercompared with the simulations of the TIME-GCM model. Both emissions serve as tracers of atomic oxygen at two different altitude levels in the MLT region. The purpose of the study is to understand the airglow variability from the perspective of vertical transport of atomic oxygen. In general, the TIME-GCM produces similar emission variations as observed in the real data, although the OH variations from the model resemble better the WINDII O( 1 S) variations and the model variations are different by a few hours in local time from the observations. The general similarity between the TIME-GCM and WINDII suggests that the mechanisms employed in the model are responsible for what is seen in the data so that the model may be used for diagnostic purposes. The investigation results for the seasonal variations of the O( 1 S) and OH airglow emission rates at mid-to-high latitudes are summarized as follows.
[36] (1) The semi-annual and annual variations are seen at different altitudes and local times. The semi-annual variation with emission rate maxima close to but shifted from the equinoxes exist at higher altitudes, and there is a gradual transition to an annual variation with the emission rate maxima moving toward winter at lower altitudes.
[37] (2) The semi-annual emission variation is not seen at lower altitudes for the O( 1 S) emission and not at all for the OH emission. It happens only at higher altitudes, in the region where the tide dissipates. Its local time dependence is also coherent with the tidal activity, which is confirmed in the model diagnostics. The calculations of vertical atomic oxygen fluxes from the model suggest that vertical advection associated with the tides plays a relatively more important role than eddy diffusion for the local time variation. [38] (3) The annual variation of the emissions is the result of the mesospheric general circulation. The downward atomic oxygen fluxes given by the model diagnostics have a larger value in winter than at summer, corresponding to a stronger downward transport of atomic oxygen for winter. The annual variation is observed only at lower altitudes, indicating that the influence of the large-scale circulation on the emission variation is stronger in the mesosphere than in the lower thermosphere.
[39] (4) The annual emission variation has a superimposed summer peak, which is mainly seen for the OH emission at 88 km altitude. The summer peak negates the influence of the large-scale circulation, and may be caused by enhanced eddy diffusion.
[40] These results have described in some detail the influence of the large-scale circulation in the seasonal variation of airglow emission rate and identified some aspects that require further study.
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